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ABSTRACT

Filoviruses cause highly lethal viral hemorrhagic fever in humans and nonhuman primates. Current immunotherapeutic op-
tions for filoviruses are mostly specific to Ebola virus (EBOV), although other members of Filoviridae such as Sudan virus
(SUDV), Bundibugyo virus (BDBV), and Marburg virus (MARV) have also caused sizeable human outbreaks. Here we report a
set of pan-ebolavirus and pan-filovirus monoclonal antibodies (MAbs) derived from cynomolgus macaques immunized repeat-
edly with a mixture of engineered glycoproteins (GPs) and virus-like particles (VLPs) for three different filovirus species. The
antibodies recognize novel neutralizing and nonneutralizing epitopes on the filovirus glycoprotein, including conserved confor-
mational epitopes within the core regions of the GP1 subunit and a novel linear epitope within the glycan cap. We further report
the first filovirus antibody binding to a highly conserved epitope within the fusion loop of ebolavirus and marburgvirus species.
One of the antibodies binding to the core GP1 region of all ebolavirus species and with lower affinity to MARV GP cross neutral-
ized both SUDV and EBOV, the most divergent ebolavirus species. In a mouse model of EBOV infection, this antibody provided
100% protection when administered in two doses and partial, but significant, protection when given once at the peak of viremia
3 days postinfection. Furthermore, we describe novel cocktails of antibodies with enhanced protective efficacy compared to indi-
vidual MAbs. In summary, the present work describes multiple novel, cross-reactive filovirus epitopes and innovative combina-
tion concepts that challenge the current therapeutic models.

IMPORTANCE

Filoviruses are among the most deadly human pathogens. The 2014-2015 outbreak of Ebola virus disease (EVD) led to more than
27,000 cases and 11,000 fatalities. While there are five species of Ebolavirus and several strains of marburgvirus, the current im-
munotherapeutics primarily target Ebola virus. Since the nature of future outbreaks cannot be predicted, there is an urgent need
for therapeutics with broad protective efficacy against multiple filoviruses. Here we describe a set of monoclonal antibodies
cross-reactive with multiple filovirus species. These antibodies target novel conserved epitopes within the envelope glycoprotein
and exhibit protective efficacy in mice. We further present novel concepts for combination of cross-reactive antibodies against
multiple epitopes that show enhanced efficacy compared to monotherapy and provide complete protection in mice. These find-
ings set the stage for further evaluation of these antibodies in nonhuman primates and development of effective pan-filovirus
immunotherapeutics for use in future outbreaks.

iloviruses consisting of Marburg virus (MARV), Ravn virus

(RAVYV), and five species of ebolavirus, Ebola virus (EBOV),
Sudan virus (SUDV), Bundibugyo virus (BDBV), Reston virus
(RESTV), and Tai Forest virus (TAFV), are causative agents of
severe hemorrhagic fever in humans and nonhuman primates
(NHPs) (1, 2). Between 1967 and 2013, 31 filovirus hemorrhagic
fever outbreaks have occurred, mainly in central Africa with
around 2,000 confirmed cases. Of these 31 outbreaks, 16 were
caused by EBOV, and the remaining outbreaks were caused by
SUDV, MARV, and BDBV. The unprecedented 2014-2015 Ebola
virus disease (EVD) epidemic led to more than 27,000 cases and
11,100 deaths in the first 14 months (http://apps.who.int/ebola
/ebola-situation-reports). There are currently no approved treat-
ments or vaccines for filoviruses, and most advanced experimental
treatments focus only on EBOV. Given that other filoviruses have
caused sizeable outbreaks, broadly protective treatment options
are urgently needed.

The glycoproteins (GPs) of filoviruses are the main target for
antibody-based therapy and vaccination. GP is found in trimeric
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form on the virions with each monomer consisting of disulfide-
bonded GP1 and GP2 subunits (3). The primary sequences of
EBOV and MARV GPs have 30% sequence identity, while the
most divergent ebolavirus species (EBOV and SUDV) exhibit 56%
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GP sequence identity. The sequence identity between filovirus
GPs is highest within the receptor binding region (RBR) (4) and
GP2, suggesting that shared epitopes may exist within these do-
mains. Several monoclonal antibodies (MAbs) against EBOV GP
with protective efficacy in rodents and NHPs have been reported
(5-12). Neutralizing antibodies have also been described for
SUDV with efficacy in a recently developed rodent model (13, 14).
However, these antibodies are species specific and lack cross-neu-
tralizing or cross-protective properties.

Several studies have demonstrated that effective protection of
NHPs against EBOV requires polyclonal GP antibodies (5) or
cocktails of MADbs (7, 8, 10, 12, 15). A cocktail of three MAbs,
ZMapp, protected NHPs when treatment started as late as 5 days
postchallenge (12) and is currently in clinical evaluation in Africa.
Recently, a set of neutralizing antibodies were isolated from a
patient infected with MARV (16), and a neutralization mecha-
nism for these antibodies that is based on blocking the GP inter-
action with Niemann-Pick C1 (NPC1), the putative filovirus re-
ceptor (17, 18), has been proposed (19). One of these MARV
antibodies exhibited modest cross-reactivity with EBOV GP ect-
odomain but failed to neutralize EBOV (16).

Isolation of protective MAbs from humans is ideal, as human
antibodies are more likely to be safe. However, human exposure to
filoviruses is very limited, and infected patients are likely to mount
an immune response that is primarily targeted to the offending
strain (20); thus, isolation of high-affinity, cross-reactive filovirus
MAbs from infected patients is likely to be difficult. Because NHPs
have a close genetic relationship with humans and their immune
systems are similar to those of humans, rationally designed exper-
imental immunization using NHPs represents an excellent alter-
native. Here we describe a vaccination strategy in cynomolgus
macaques that resulted in isolation of a set of MAbs with broad
reactivity to at least four ebolavirus species, a MAb with pan-
filovirus reactivity, and a MAD that neutralized EBOV and SUDV
in cell culture. Challenge studies in the mouse model of EVD
showed strong protection by several pan-ebolavirus MAbs.
Epitope mapping revealed several novel conformational and lin-
ear epitopes in the core GP1, the glycan cap, and the fusion do-
main in GP2. Our findings further describe MAb cocktails that
target novel epitope combinations and display enhanced protec-
tion against EBOV.

MATERIALS AND METHODS

Reagents. Saccharomyces cerevisiae strain EBY-100 (GALI-AGAI::URA3
ura3-52 trpl leu2A1 his3A200 pep4::HIS2 prb1A1.6R canl GAL) (Invitro-
gen, Carlsbad, CA) was maintained in yeast extract-peptone-dextrose
(YPD) broth (Difco). The cell culture medium Iscove’s modified Dulbec-
co’s medium (IMDM) (Invitrogen, Carlsbad, CA) containing 10% fetal
calf serum (FCS) (Sigma-Aldrich Co., St. Louis, MO), 2 mM glutamine,
100 U/ml penicillin, 100 pg/ml streptomycin (Invitrogen, Carlsbad, CA).
CpG and interleukin 21 (IL-21) were purchased from Operon (Chicago,
IL) and Peprotech (Rocky Hill, NJ). cDNA synthesis reagents were pur-
chased from Invitrogen (Carlsbad, CA). The detecting MAb against the
hemagglutinin (HA) tag (phycoerythrin [PE]) used in fluorescence-acti-
vated cell sorting (FACS) and MAD against V-5 tag were purchased from
Invitrogen (Carlsbad, CA). Micromagnetically activated cell sorting
(WRMACS) HA-tagged magnetic immunobead and CD20 MicroBeads
were purchased from Miltenyi (Auburn, CA). The yeast display vector
pYD2 was kindly provided by J. D. Marks (University of California at San
Francisco [UCSF]) (21). IgG1-Abvec for full-length immunoglobulin G1
(IgG1) expression was kindly provided by P. Wilson (University of Chicago).
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MS40L cells expressing human CD40 ligand (CD40L) was kindly provided by
X. M. Luo (Virginia Polytechnic Institute and State University).

Production and purification of filovirus glycoproteins. Plasmids
containing cDNAs encoding filovirus glycoproteins were generated and
expressed in 293T cells. These plasmids contained cDNAs encoding the
full ectodomain (GPATM) for EBOV and SUDV (amino acids 1 to 627)
with an hemagglutinin tag (YPYDVPDYA), followed by a factor 10a cleav-
age site (IEGRGAR), or truncated forms of EBOV GP (GPAmuc) (amino
acids 1 to 311 linked through an aspartic acid to residues 464 to 637), and
SUDV (residues 1 to 313 linked to 474 to 640). GPATM proteins were
purified as described previously (22), using Q-Sepharose Fast Flow resin.
The eluted fractions were pooled, and these fractions were passed over a
GE S-200 HR column. S-200 fractions containing GPATM were pooled
and dialyzed against phosphate-buffered saline (PBS). GPAmuc protein
was purified using Q-Sepharose Fast Flow resin, and eluted fractions con-
taining the proteins were pooled and dialyzed against PBS. For insect cell
expression of GPATM for EBOV, SUDV, RESTV, and BDBV, baculovirus
transfer vectors (pFastBac; Invitrogen) were generated containing the
coding regions for residues 1 to 605 followed by a C-terminal 6 X His tag
under the polyhedrin late promoter and simian virus 40 (§V40) polyade-
nylation site. Bacmid DNA was produced by in vivo transposition in E. coli
as described previously (23) and used to transfect Sf9 insect cells. The
recombinant baculoviruses containing the GPATM were recovered from
supernatants and amplified in Sf9 cells. The final virus was used to infect
S£9 cells for purification of the proteins from the supernatants 3 days
postinfection. After cell debris was removed, the supernatants were con-
centrated 10 times. The supernatants were mixed with 2 mM CaCl,, 0.25
mM Ni?*, 20% glycerol, 10 mM imidazole, 0.5% Triton X-100, 1 M NaCl
(final concentration), and the pH of the supernatant was adjusted to 7.2
with 5N NaOH. Ni beads (Ni Sepharose 6 Fast Flow [catalog no. 17-5318-
01; GE Lifesciences]) were added to the supernatants at 1 ml per liter of
culture volume. Upon overnight incubation at 4°C, beads were separated
by centrifugation, resuspended in PBS plus 0.2% Tween 20, and packed
into a Bio-Rad Econo-column. The column was washed with the follow-
ing buffers: PBS (pH 7.1) with 20% glycerol and 0.2% Tween 20, followed
by the same buffer containing 10 mM imidazole. Protein was eluted with
500 mM imidazole and dialyzed against PBS with 10% glycerol, arginine,
and glutamic acid, pH 7.4. For production of soluble GP (sGP), the full
coding sequence of EBOV sGP, including delta peptide followed by a
C-terminal 6 XHis tag was expressed in 293T cells, and supernatant was
cleared from delta peptide using a Ni column. The flowthrough was con-
centrated and used as a source of sGP. Purified proteins were analyzed by
bicinchoninic acid (BCA) protein assay, SDS-PAGE, and Western blot-
ting. Proteolytically cleaved GP ectodomains were produced in S2 cells as
previously described (19).

Production of VLPs. Procedures for production of virus-like particles
(VLPs) have been described previously (23). Briefly, cDNAs for GP, nu-
cleoprotein (NP), and VP40 of EBOV, SUDV, or MARYV were cloned into
pFastBac vector (Life Technologies, Carlsbad, CA), and bacmid DNA was
generated and used to transfect Sf9 insect cells. Recombinant baculovi-
ruses were recovered and amplified. VLPs were recovered from the culture
supernatants of infected Sf9 cells and purified on sucrose gradients, as
published elsewhere (24-27). Before use in animals, VLPs were character-
ized using assays including total protein (BCA protein assay), identity
(Western blotting), electron microscopy, and endotoxin content as de-
scribed previously (24-27).

Immunization of cynomolgus macaques. Two cynomolgus ma-
caques were vaccinated intramuscularly every 4 weeks with 250 g of
trivalent (SUDV, EBOV, and MARV) GPAmuc formulated in glucopyra-
nosyl lipid adjuvant (GLA) (kindly provided by Immune Design Corp.,
Seattle, WA), followed by a booster vaccination of 3 mg total of a combi-
nation of the trivalent (SUDV, EBOV, and MARV) VLPs along with 50 j.g
of GLA (Fig. 1). Sera and peripheral blood mononuclear cells (PBMCs)
were collected at the same time points. Research was conducted in com-
pliance with the Animal Welfare Act and other federal statutes and regu-
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FIG 1 Immunization study design and antibody response. (A) Immunization and bleed schedule for rhesus macaques. (B) Anti-GP antibody titers (ECs,s) in
sera from immunized macaques determined in an ELISA with GPATM for the indicated virus species as the antigen. (C) Neutralization titer in macaque sera from
day 112 determined using VSV-pseudotyped viruses with EBOV, SUDV, and MARV GP, respectively.

lations relating to animals and experiments involving animals and ad-
hered to principles stated in the Guide for the Care and Use of Laboratory
Animals (28). The facilities where the research was conducted are fully
accredited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care International. Vaccination portions of the studies
were conducted under biosafety level 2 (BSL-2) conditions at Smithers-
Avanza (Gaithersburg, MD) with all live virus challenges occurring under
BSL-4 containment conditions at the U.S. Army Medical Research Insti-
tute of Infectious Diseases (USAMRIID). All studies were approved by
the Smithers-Avanza Institutional Animal Care and Use Committee
(IACUC). All animal housing areas are continuously monitored for tem-
perature and humidity using a state-of-the-art monitoring system, and
results are assessed regularly and recorded to ensure animal health and
welfare. Animals were individually housed in stainless steel cages and
provided environmental enrichment such as mirrors and toys. Animals
were supplied with primate diet (Purina 5L07 diet) throughout the study.
In addition, animals were also provided with treats such as fresh fruits and
vegetables. Water was available ad libitum throughout the study. The cyn-
omolgus macaques used in this study were found to be free of antibodies
to filovirus, simian T cell leukemia virus type 1 (STLV-1), simian immu-
nodeficiency virus (SIV), and herpesvirus B in testing prior to the start of
the study. Blood samples were obtained under anesthesia from the femo-
ral vein of monkeys.

Isolation and activation of B cells and RNA isolation. CD20™ B cells
were positively selected with magnetic beads (CD20 Microbeads; Miltenyi
Biotec, San Diego, CA) according to the manufacturer’s instructions. The
B cells were activated, as previously described (29, 30), in IMDM medium
containing 10% FCS, 2 mM glutamine, 100 U/ml penicillin, and 100
pl/ml streptomycin and supplemented with 1 pg/ml CpG and 50 ng/ml
IL-21 and incubated at 37°C in 5% CO, for 13 days. Total RNA from
activated B cells was extracted with RNeasy minikit according to the man-
ufacturer’s instructions. RNA was used to generate immune yeast anti-
body libraries.

Generation of immune yeast antibody library and selection of yeast
display ebolavirus GP-scFv. The methods for generating the yeast display
single-chain variable fragment (scFv) library, selection of ebolavirus GP-

January 2016 Volume 90 Number 1

Journal of Virology

specific scFv, and production of IgG1 chimeric macaque-human mono-
clonal antibodies (M/HMADbs) were as described previously (31). Primers
used in primary PCRs to amplify macaque gamma heavy chain and kappa
and lambda light chains were described previously (32). Briefly, the yeast
library was grown in SG-CAA growth medium (0.51% Na,HPO,-7H,0,
0.43% Na,HPO -H,0, 0.25% Casamino Acids, 1% galactose) for 48 h at
18 °C. A total of 2 X 10° yeast cells were first selected by two rounds of
MACS using individual filovirus GPs or a mixture of three filovirus GPs
(EBOV, SUDV, and MARYV) with or without the mucin domain and fol-
lowed by two rounds of FACS with 1 X 107 MACS output cells. Between
each round of selection, the collected cells were grown in SD-CAA me-
dium (same as SG-CAA medium except that it contains dextrose instead
of galactose) and induced in SG-CAA medium. Selection was performed
using a BD Bioscience FACS Vantage cell sorter. The collected cells were
plated on SD-CAA plates.

Screening for antigen-specific IgG secretion by quantitative ELISA.
B cell supernatants in 96-well plates were collected on day 13 postactiva-
tion to test the binding specificity to filovirus glycoproteins by an enzyme-
linked immunosorbent assay (ELISA) as described previously (31) with
modifications. The wells on the plates were coated with the three GPs
(SUDV, EBOV, and MARV) (50 ng/well) at 4°C overnight. The wells were
blocked with 2.5% nonfat dry milk and 2.5% normal goat serum. Super-
natants (40 pl) collected from 96-well plate were added to the precoated
wells. The bound antibodies in the supernatants were detected by human
immunoglobulin G (IgG) antibodies conjugated to horseradish peroxi-
dase (HRP) and TMB (3,3',5,5’-tetramethylbenzidine; Sigma) substrate.
Absorbance was measured at 450 nm and 570 nm.

Direct Ig cloning from single B cells. The genes encoding Ig Vy;, V,,
and V, from positive wells were recovered directly using reverse transcrip-
tion-PCR (RT-PCR) as described previously (33, 34) with the following
modifications. cDNA was synthesized in 20 pl per reaction mixture con-
taining first-strand synthesis buffer. Total B cell RNA was reverse tran-
scribed by adding 2 pl of 50 WM random hexamer primers, 1 pl of 10 mM
deoxynucleoside triphosphate (ANTP) mix, 0.0625 pl of Igepal CA-630,
40 U of RNase OUT, 2 pl of 0.1 dithiothreitol (DTT), and 50 U of Super-
Script Il reverse transcriptase. The RT reaction was performed at 42°C for
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10 min, 25°C for 10 min, 50°C for 60 min and 94°C for 5 min. The IgH,
Igk, and Ig\ V genes were amplified separately by nested PCR starting
from 1 pl of cDNA directly following RT and the nested PCR on 1 pl of the
first-round PCR product as described previously (32) with the following
modifications. All PCRs were performed in a total volume of 20 .l con-
taining nuclease-free water, 4 pl of 5X buffer, 0.4 pl of 10 mM dNTP mix,
0.8 pl of 40 WM mixture of forward and reverse primers (32), and 0.4 pl of
PHusion polymerase. The PCR instrument was programmed for 5-min
incubation at 94°C, followed by 40 cycles, with one cycle consisting of 30
sat 94°C, 30 s at 55°C (for the first round of PCR) or 60°C (for the nested
round of PCR), and 60 s at 70°C, with a final elongation step at 70°C for 7
min before cooling to 4°C. The PCR products were evaluated on 2%
agarose gels after the nested PCR. The fragments were purified using a
QIAquick gel extraction kit, and cloned into IgG-AbVec, Igk-AbVec, and
Ig\-AbVec containing a murine Ig gene signal peptide sequence and vari-
able-gene cloning sites upstream of the human Igy1, Igk, or Ig\ constant
regions (35).

Sequence analysis and full IgG conversion. The primers used to am-
plify the representative scFv inserts for sequencing were PYDFor (5'-AGT
AAC GTT TGT CAG TAA TTG C-3') and PYDRev (5'-GTC GAT TTT
GTT ACA TCT ACA C-3'), both located approximately 50 nucleotides
outside the scFv inserts on the vector PYDs-A2. The PCR products were
sequenced with primer GAP5 (Gap 5; 5'-TTA AGC TTC TGC AGG CTA
GTG-3") (Elim Biopharmaceuticals, Inc., Hayward, CA). Sequences were
analyzed using the IMGT information system http://www.imgt.org/
(IMGT/V-Quest) to identify variable region gene segments. Full-length
IgG1 were produced and purified as described previously (31).

Antibody production and purification. Plasmid carrying genes cod-
ing for macaque human chimeric IgH and IgL were mixed with polyeth-
ylene amine (catalog no. 23966; Polysciences Inc.) and transfected into
HEK 293 cells in suspension in serum-free FreeStyle F17 medium (catalog
no. A1383502; Life Technologies). After 7 to 9 days of fermentation, cells
were separated by centrifugation, and supernatant was concentrated by
tangential flow filtration (TFF). Produced antibodies were captured by
protein A (catalog no. 17-0403-01; GE Healthcare), washed, and eluted
with 0.1 M glycine buffer (pH 2.4). Fractions containing the Ab peak were
collected, neutralized with Ab buffer (20 mM tr-histidine [pH 6.0], 150
mM NaCl, and 4% sucrose) and dialyzed against the same buffer over-
night at 4°C.

ELISA. Nunc MaxiSorp plates (Thermo Fisher Scientific, Waltham,
MA) were coated with purified glycoproteins at 100 ng/well and incubated
with transfected 293T supernatants or serial dilutions of purified MAbs.
Bound antibodies were detected using an HRP-conjugated anti-human
secondary antibody (KPL, Gaithersburg, MD) and TMB substrate (Life
Technologies, Carlsbad, CA). Absorbance values determined at 650 nm
were transformed using Softmax 4 parameter curve fit (Molecular De-
vices, Sunnyvale, CA). The half-maximal effective concentration (ECs,)
value at the inflection point of the curve is reported.

Competition ELISAs. Purified C-terminal His-tagged GPATM was
immobilized at 100 ng/well on 96-well nickel-coated plates (Promega,
Madison, WI) at 4°C overnight. The next day, the plates were washed with
Dulbecco’s phosphate-buffered saline (DPBS) plus 0.05% Tween and
blocked for 1 h with blocking buffer T20. FVM02p, FVMO04, and FVM20
were biotinylated using EZ-Link NHS-biotin according to the manufac-
turer’s protocol (Life Technologies, Carlsbad, CA). The competing anti-
bodies (all with human Fc) were incubated on coated plates at 20 pg/ml
biotinylated MAbs or mouse MAbs at their respective ECs,. For a control,
a set of wells were preincubated with an irrelevant antibody to set the
baseline of binding by each detecting MAb. Bound MAbs were detected
using antistreptavidin antibodies conjugated to HRP (KPL) or anti-
mouse antibodies conjugated to HRP and detection with TMB substrate.
Absorbance values were determined at 650 nm on a VersaMax plate
reader. Percent competition values were calculated from MADb binding in
the presence of an irrelevant MADb control and rounded to the nearest
whole number.
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Epitope mapping. Plates were coated with EBOV or SUDV GPATM
(1 pg/ml) as described above. FVMO02p or FVMO09 (0.01 pg/ml) was in-
cubated for 1 h with 27 different pools of four or five peptides spanning
EBOV or SUDV GPATM in blocking buffer at a 100-fold molar excess to
the MAbs. The peptide-FVM mixture was then added on top of the coated
ELISA plates and allowed to bind for 1 h at room temperature. The plates
were washed, and bound MAbs were detected using goat anti-human
antibodies conjugated to HRP (KPL, Gaithersburg, MD) and TMB sub-
strate, and absorbance values were determined at 650 nm on a VersaMax
plate reader. A decrease in optical density (OD) compared to the control
peptide suggested that the pool contained a peptide with the epitope of the
corresponding MAb. These pools were selected for individual peptide
screening performed in the same manner as described above.

VSV pseudotype neutralization assay. Vero cells were plated at
60,000 cells per well in 96-well plates and incubated overnight at 37°C and
5% CO,. The next day, NHP serum was diluted in serum-free Eagle min-
imum essential medium (EMEM) and mixed independently with vesicu-
lar stomatitis virus lacking G protein and expressing various filovirus GP
(VSV-GP) (for EBOV, SUDV, and MARV) for 1 h at room temperature.
Naive serum was used as a negative control. After 1 h, 100 pl of virus and
NHP serum mixture was added to Vero cells, with a final multiplicity of
infection (MOI) of 0.04. The plates were incubated for 1 h at 37°C and 5%
CO, to allow virus to adhere to cells before adding an additional 100 .l of
EMEM and incubating at 37°C and 5% CO, overnight. Twenty-four
hours later, the medium was removed from wells, and cells were lysed with
30 pl of 1X passive lysis buffer (Promega). The plates were rocked at 1.5
rpm for 30 min before the addition of 30 wl of luciferase substrate (Pro-
mega). Luminescence was immediately recorded using a TECAN M200
plate reader. Data were fit to a 4PL curve using GraphPad Prism 6. Percent
neutralization was calculated based on wells containing virus only.

High-content imaging-based neutralization assays. Antibodies were
diluted in PBS at 2X the desired final concentrations and mixed with
equal volume of live virus (EBOV or SUDV), and the mixture was incu-
bated at 37°C for 1 h before adding to Vero cells in 96-well plates. The cells
were incubated with MAb/virus inoculum (MOI of ~1) for 1 h at 37°C
and washed with PBS, and growth medium alone without antibody was
added to all wells. The cells were fixed at 48 h postinfection, and infected
cells were determined by indirect immunofluorescence assay (IFA) using
virus-specific MAbs and fluorescently labeled secondary antibodies. Per-
cent of infected cells were determined using an Operetta and Harmony
software. Data are expressed as the percentage of inhibition relative to
control cells treated with vehicle for both EBOV and SUDV.

Mouse challenge studies. The lethal mouse-adapted EBOV (MA-
EBOV) mouse model was developed at the USAMRIID, using adult mice
by serial passages of EBOV in progressively older suckling mice (36-38).
Female BALB/c mice (6 to 8 weeks old), were purchased from Charles
River Laboratory. Mice were housed in microisolator cages and provided
chow and water ad libitum. Mice were transferred to a biosafety level 4
containment laboratory at USAMRIID and challenged intraperitoneally
(i.p.) with a target of 1,000 PFU of mouse-adapted EBOV. In two inde-
pendent experiments, groups of mice (with 5 or 10 mice per group) were
treated i.p. with different antibodies as indicated in Results. Control mice
were challenged but did not receive any treatment. Mice were weighed as
groups, and their health was monitored daily for 28 days after infection.
Where experimental conditions in independent experiments were the
same, the data for those groups were pooled for graphic presentation in
figures and statistical analysis.

Animal research was conducted under a protocol approved by the
USAMRIID IACUC in compliance with the Animal Welfare Actand other
federal statutes and regulations relating to animals and experiments in-
volving animals. The USAMRIID facility is fully accredited by the Associ-
ation for the Assessment and Accreditation of Laboratory Animal Care
International and adheres to the principles stated in the Guide for the Care
and Use of Laboratory Animals (28). Challenge studies were conducted
under maximum containment in an animal biosafety level 4 facility. An-
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imal studies were performed in a blind manner (personnel assessing re-
sults were unaware of which animals received which treatment). Animals
were not specifically allocated or randomized into groups. The number of
mice to be used in these studies was selected to measure and determine
differences in the levels of protection elicited by the different MAbD treat-
ments. Experience with the use of various analyses for determining the
probability of differences between control and experimental mouse
groups indicates the need for 5 to 10 mice per group. For lethality studies,
statistical difference between 0% in the control and =30% in the treated
groups can be demonstrated using 10 mice per group with >90% power
using a two-sided alpha level of 0.05. In the cases where large numbers of
antibodies were tested in preliminary studies, five mice per group were
tested, and then the results were confirmed with the larger group of 10
mice. In these cases, the results of the combination of both studies are
shown. To demonstrate statistical differences in the treatment groups,
data were analyzed using GraphPad software, version 6 (La Jolla, CA)
using the Mantel-Cox log rank test and confirmed using the Gehan-
Breslow-Wilcoxon test.

RESULTS

Immunization of macaques and generation of broadly reactive
antibodies. Previous efforts toward generation of filovirus MAbs
have largely yielded species-specific antibodies against GP. Filovi-
rus GPs are heterodimers of GP1 and GP2 and consist of multiple
structural domains. Most of the conserved residues lie within GP2
and RBR (4) of GP1, while a bulky mucin-like domain (MLD) at
the C terminus of GP1 is highly variable and known to shield the
RBR (22, 39). Because the MLD constitutes the most divergent
domain of filovirus GPs, we reasoned that repeated vaccination
with a mixture of MLD-deleted GP ectodomains (GPAmuc) from
three filovirus species would increase the exposure of shared
epitopes to the immune system and promote the evolution of
broadly reactive antibodies. To this end, two cynomolgus ma-
caques were immunized three times (on days 0, 28, and 56) with a
mixture of GPAmuc of EBOV, SUDV, and MARV. To further
enhance the response, a booster immunization was performed
with the highly immunogenic virus-like particles (VLPs) for
EBOV, SUDV, and MARYV on day 84, and the study was termi-
nated on day 112 (Fig. 1A). Sera were collected prior to each im-
munization and on the last study day and tested in ELISAs and
VSV pseudotype neutralization assays. The NHPs mounted a
strong IgG antibody response as measured by ELISAs against
EBOV, SUDV, and MARV GP ectodomains lacking the trans-
membrane region (GPATM) (Fig. 1B). Neutralization titers were
highest against SUDV, followed by EBOV, but significantly lower
for MARV (Fig. 1C).

Peripheral blood mononuclear cells (PBMCs) isolated on day
112 from one of the animals (macaque 20667) were used for B cell
isolation by CD20-specific magnetic beads and activated as previ-
ously described (29, 30). Two approaches were employed to gen-
erate MADbs against filovirus GPs: (i) direct Ig gene cloning from
single B cells to isolate paired VH and VL antibodies and (ii) high-
throughput screening of yeast immune display library. While the
first method has the advantage of natural heavy and light chain
pairing, the latter method allowed for analysis of a large and more
diversified library of heavy and light chain pairing as single-chain
variable fragments (scFVs) with different binding affinities to the
antigens.

For direct cell cloning, B cells plated at 1 to 4 cells/well and
activated in 96-well plates were screened by an ELISA for antigen-
specific IgG secretion. A total of 12,000 B cells were analyzed by
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ELISAs for binding to GPATM and GPAmuc variants for the three
species (SUDV/EBOV/MARYV). The vaccinated macaque 20667
serum was used as positive control at a 1:1,000 dilution, and su-
pernatants from wells containing feeder cells only, collected on
day 13, were used as negative control. Positive clones were ranked
by specific binding as indicated by higher optical density (OD).
Out of nine positive clones that bound to the three GPs by ELISAs,
two clones showed an OD of >1.5 to GPAmuc and approximately
0.5t0 0.7 to GPATM to at least two species. Heavy and light chain
variable Ig genes were amplified by seminested PCR with specific
macaque primers (32). After sequencing and reamplifying with
cloning primers, the VH and VL PCR fragments were cloned into
expression vectors (35) that contain constant region sequences of
human Igy1l heavy and Igk light chains. The two full IgG clones
were designated FVMO1p and FVMO02p, and both were primarily
ebolavirus-specific antibodies with weak binding to MARV GP
(data not shown).

In the second approach, immunoglobulin heavy and light
chain variable gene regions were amplified from the RNA isolated
from the activated B cells and were constructed into yeast immune
display library as described in Materials and Methods. Both triple
antigen mixtures (SUDV/EBOV/MARV) GPAmuc and GPATM
were used in the selection of antibodies through several rounds of
magnetic cell separation and fluorescence-activated cell sorting as
previously described (31) and detailed in Materials and Methods.
Out of >1,000 monoclonal scFv yeast cells that bound to at least
one of the three filovirus GPs, 37 scFvs with reactivity to two
filoviruses and unique sequence combinations of heavy and light
chain complementarity-determining region 1 (CDR1), CDR2,
and CDR3 regions were identified, sequenced, and converted to
full IgG1 molecules (macaque variable domain fused to human
constant regions). The MAbs were designated FVMO03 through
FVM29, FVM31 through FVM35, and FVM37 through FVMA41.
Except for FVMO03, which was primarily a MARV-specific anti-
body, all MAbs bound strongly to both EBOV and SUDV GP and
the respective VLPs (data not shown).

Binding profile of chimeric macaque-human antibodies. The
MAbs were expressed in 293T cells, antibodies in the supernatant
were quantified, and their reactivities to GPATM, GPAmuc, and
VLPs for EBOV, SUDV, and MARV were determined by ELISAs
(datanot shown). Upon consideration of the breadth of reactivity,
level of expression, and exclusion of nearly identical clones, an
initial set of six chimeric antibodies was selected for further char-
acterization: FVMO1p, FVMO02p, FVM04, FVMO09, FVM13, and
FVM20. These antibodies were produced, purified, and tested for
binding to GP from four ebolavirus species as well as MARV (Mu-
soke strain). All six MAbs bound tightly to EBOV GPATM, with
ECs,s ranging from 50 to 100 pM (Fig. 2A). FVM09 and FVM13
showed the strongest binding to all four ebolavirus species, with
ECs,s below 15 ng/ml (100 pM) (Fig. 2A to D). Strong binding to
SUDV, BDBYV, and RESTV was also observed for FVMO02p and
FVMO04 (Fig. 2B to D). FVM20 and FVMO01p showed lower levels
of binding to SUDV and RESTV, respectively (Fig. 2B and D). The
initial screen of cell supernatants suggested that only FVMO02p
showed weak binding to MARV GPATM (data not shown). Re-
cently, we observed that direct coating of the wells on ELISA plates
with MARV GPATM reduced binding of several antibodies spe-
cific to MARV GP, while observing higher binding to His-tagged
MARV presented on nickel-coated plates (data not shown).
Therefore, we tested the binding of several purified MAbs to His-
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FIG 2 Reactivity of macaque-human chimeric antibodies to filovirus glycoproteins and dose-response binding of the indicated antibodies to GPATM of EBOV
(A), SUDV (B), BDBV (C), RESTV (D), and MARV (E). Values are optical density at 650 nm (ODg5,) values from three to five ELISA experiments performed
over the indicated range of antibody concentrations. The ECys (in micrograms per milliliter) for binding of each antibody to the respective antigen are shown
in each panel.

tagged MARV GPATM on Ni plates and observed low to moder-  fusion with the host membrane (Fig. 3A). GP1, in turn, consists of
ate binding by FVMO02p and FVM04 to MARV (Fig. 2E). the RBR, glycan cap (GC), and mucin-like domain. The crystal

Epitope mapping. EBOV GP consists of a receptor-binding  structure of trimeric GP shows that RBR and GC form a chalice-
GP1 linked by a disulfide bond to GP2, which is responsible for  like structure (22) (Fig. 3B, green and blue). GP2 wraps around
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FIG 3 Binding region of pan-ebolavirus antibodies. (A) The domain structure of the EBOV glycoprotein (GenBank accession no. Q05320) is shown. Cathepsin
and furin cleavage sites are indicated by arrows. SP, signal peptide; TM, transmembrane. (B) Structure of the MLD-deleted GP (GPAmuc) (top) and binding of
the antibodies to this protein (bottom). (C) Structural representation of EBOV GP after cleavage with thermolysin (top) and reactivity of each antibody to GPcl
(bottom). (D) Structure of the EBOV soluble GP (sGP) (top) and its reactivity with the chimeric antibodies (bottom). The N-terminal tail that forms part of the
GP base is shown in cyan, and the receptor binding region is shown in green. The glycan cap is shown in blue, and GP2 is shown in red. The EC,,s (in micrograms
per milliliter) for binding of each antibody to the respective antigen are shown in each panel.
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TABLE 1 Results of epitope binding competition assay”
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% competition of binding® with the following competing antibody:

Detecting MAb® FVMO1p FVMO02p FVMO04 FVMO09 FVM13 FVM20 c6D8
FVMO02p-biotin None 83 None None None None None
FVMO04-biotin None None 82 24 NT None None
FVM20-biotin None None 23 96 96 77 None
KZ52-biotin NT None None 53 NT 17 None
m13Cé6 NT None 76 None NT None None
m2G4 None None None None None None None
m4G7 None None None None None None None
ml16G8 None 23 None None None None None
m8C4 None 18 19 None None None None
m17C6 None None 91 None None None None
m4B8 None None 20 None None None None

@ The antigen (EBOV GPATM) coated on ELISA plate was first incubated with the competing antibody at 20 pg/ml before adding the detecting antibody at its respective EC5,. The
percent competition of binding was calculated by comparison to an irrelevant competing antibody. Antibody binding was detected using antistreptavidin antibody conjugated to
HRP for the biotinylated antibodies and HRP-conjugated anti-mouse antibodies for untagged primary MAbs.

b The prefix “m” before the MAb indicates the murine origin of the antibody.
¢ None, less than 15% reduction in binding; NT, not tested.

this structure and along with the N-terminal tail of GP1 forms the
base of the chalice (Fig. 3B, red and cyan, respectively). Upon
entry in endosomes and cleavage by cathepsins, the GC is removed
from this structure; this cleaved GP (GPcl) (Fig. 3C) can be pro-
duced in vitro using thermolysin (19). During EBOV infection, the
unedited GP gene encodes a truncated form of GP with a unique C
terminus and a proteolytically cleaved short delta peptide (40, 41).
The mature form of this soluble GP (sGP) consists of amino acids
31 to 295, followed by a unique 29-residue C-terminal tail, and
lacks both MLD and GP2 but retains most of the GC (Fig. 3D). To
determine the overall binding region of the antibodies, we exam-
ined the binding of each MAb to GPAmuc, GPcl, and sGP. As
expected, all MAbs bound well to GPAmuc (Fig. 3B), and the
binding ECs,s were comparable to those for GPATM (compare
with Fig. 1), suggesting that the MLD does not significantly block
access to these epitopes. FVMO09 failed to bind to GPcl, while bind-
ing by FVM13 and FVM20 to GPcl was severely reduced com-
pared to GPAmuc (Fig. 3C), suggesting that the primary binding
site for these three MAbs lies within the GC. In contrast, binding
of FVMO01p, FVMO02p, and FVM04 was not affected by removal of
the GC (Fig. 3C). Since they all bind to sGP (Fig. 3D), the binding
site of these three MAbs must lie within residues 31 to 200 in
GP1 encompassing the RBR (4). The complete loss of FVMO02p
binding to sGP (Fig. 3D) indicated that the FVMO02p epitope
lies within GP2.

To further evaluate potential epitopes, we generated biotinyl-
ated FVMO02p, FVMO04, and FVM20 and tested for competition
with unlabeled FVM MAbs, ZMapp components c13C6, m2G4,
and m4G7 (12), and the neutralizing MAb KZ52 (22) (summa-
rized in Table 1). FVMO02-biotin did not compete with any of the
antibodies tested, while FVM20 strongly competed with FVMO09
and FVM13. KZ52 partially competed with FVM04, FVMO09, and
FVM20. Partial competition was also observed between FVMO04
and m13C6. The competition was also tested for a series of mouse
pan-ebolavirus antibodies m16G8, m8C4, m17C6, and m4B8 (the
“m” prefix indicates the murine origin of the antibody) that we
have recently identified (see the accompanying article by Holts-
berg et al. [42]). Except for FVMO04 that strongly competed with
m17C6, suggesting overlap in the epitope targeted by these two
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antibodies, no other competition was observed between the mouse
and macaque pan-ebolavirus MAbs.

Antibodies were tested for binding to chemically denatured
glycoproteins by Western blotting and ELISAs. FVM04 binding to
GP was completely lost upon denaturation, while FVMO09 and
FVMO02p binding was not affected. Binding of the other antibodies
was reduced but not abrogated (data not shown). On the basis of
these data, we concluded that FVMO09 and FVMO2 react with con-
tinuous epitopes, while FVMO04 recognizes a conformational
epitope, and the epitopes for the other antibodies may contain a
linear core with additional discontinuous contact sites.

To identify the linear epitopes for FVM02p and FVMO09, we
employed a competition assay (as described in Materials and
Methods) using overlapping peptides spanning the entire GP se-
quences for EBOV and SUDV. Peptides sharing the EBOV GP
residues 286 to 290 (GEWAF) effectively blocked the binding of
FVMO09 to EBOV GP (Fig. 4A) and SUDV GP (data not shown).
This region is located within a disordered loop connecting 317
and 18 (22) within the glycan cap on the side of the GP chalice
(Fig. 4B) and is 100% conserved across all ebolavirus species (Fig.
4C). Using the same approach, we found that peptides containing
EBOV GP residues 526 to 535 competed with binding of FVM02p
to EBOV GP (Fig. 4D) and SUDV GP (data not shown). This
region is located at the tip of the fusion loop in GP2 (22) (Fig. 4E)
and is highly conserved within the ebolavirus species (Fig. 4F).
Seven out of 10 residues of the putative FVMO02p epitope are also
identical between ebolavirus and marburgvirus species (Fig. 4F).

Neutralization of viral entry. The neutralizing activity of the
MADbs was first tested in a VSV-GP pseudotype assay in which
FVMO04 and to a lesser extent FVM09, exhibited neutralizing ac-
tivity (data not shown). To further confirm these data, we used a
high-content imaging-based assay using authentic EBOV and
SUDV (described in Materials and Methods). As shown in Fig. 5,
significant neutralization of both viruses was observed only for
FVMO04, while the other MAbs failed to neutralize the viruses in
this assay.

Efficacy in mice. In vivo efficacy of the chimeric antibodies was
evaluated in BALB/c mice using mouse-adapted EBOV (MA-
EBOV) (36). Mice were infected with 1,000 PFU of MA-EBOV
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FIG 4 Epitope mapping of FVM02p and FVMO09. Epitopes for FVMO02p and FVM09 were determined by competition ELISA using overlapping peptides
spanning the full EBOV GP sequence. Peptides were preincubated at 100-fold molar excess with FVM02p or FVMO09, and binding of the antibodies in the
presence and absence of peptide was determined by ELISAs. (A) Sequences of the five overlapping peptides (top) surrounding the core sequence (boxed) that
showed competition with FVM09 binding in an ELISA (bottom). (B) Location of the core FVMO09 epitope (yellow circles) within a disordered loop connecting
317 and 318 within GP structure (PDB accession no. 3CSY). (C) Sequence identity of the FVMO09 epitope and surrounding regions among ebolavirus species. (D)
Sequences of the five overlapping peptides (top) surrounding the core sequence (boxed) that showed competition with FVM02p binding in an ELISA (bottom).
(E) Position of the core FVM02p epitope within GP fusion loop (PDB accession no. 3CSY). The body of the fusion loop is shown in yellow with its tip containing
FVMO2p epitope in red. (F) Sequence identity of FVM02p epitope and surrounding regions among ebolavirus species as well as RAVV and MARYV strains.
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FIG 5 Neutralizing activity of the chimeric antibodies. The neutralizing activity of FVM04, FVM02p, FVMO01p, FVMO09, and FVM20 were determined for
authentic SUDV (A) and EBOV (B) using a high-content imaging assay as described in Materials and Methods.

and treated either with two doses of antibody at 2 h and 3 days
postchallenge or with a single dose 3 days postchallenge. All con-
trol mice succumbed to infection within 6 to 9 days postinfection,
while mice treated twice with FVMO04, FVM09, FVM20, or
FVMO2p showed 100%, 67%, 60%, or 47% survival, respectively
(Fig. 6A). In contrast, all the mice treated with FVMO1p died from
infection (Fig. 6A). Delayed treatment with a single injection of
FVMO04 3 days after challenge also led to survival of 40% of the
mice (Fig. 6A). Animals treated with the protective MAbs lost less

weight than control animals and animals treated with FVMO1p
(Fig. 6B). In particular, mice treated with FVM04 lost no more
than 5% weight compared to more than 25% weight loss in con-
trols.

Studies with several EBOV-specific MAbs have shown that
combinations of several antibodies binding to distinct epitopes
enhance the protective efficacy (10, 11, 15), most notably the com-
bination of antibodies binding to the glycan cap and the base of
the GP chalice as shown by the remarkable efficacy of ZMapp (12,
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FIG 6 Efficacy of the chimeric antibodies in mouse model of EBOV infection. Mice were infected with 1,000 PFU of MA-EBOV and treated 2 h after infection
(day 0) and on day 3 or treated only once on day 3 postinfection as indicated in the panels. (A) Protective efficacy of individual MAbs shown as a percentage of
survival. Statistical differences were assessed for each treatment group compared to the values for the negative-control group using Mantel-Cox log rank test (P
values of <0.3536 for FVMO01p, 0.0003 for FVMO02p, <0.0001 for FVMO04 [days 0 and 3], 0.0060 for FVMO04 [day 3 only], and 0.0060 for FVM09 and FVM20).
(B) Percent weight change (group average of surviving animals) after infection and treatment with individual animals from the study shown in panel A. (C)
Efficacy of the antibody cocktails shown in the panel. Statistical differences were assessed for each treatment group compared to the negative-control group using
the Mantel-Cox log rank test (P values of <0.0001 for FVMO02p plus FVM09 and <0.0001 for FVMO09 plus m8C4). (D) Percent weight change in animals treated
with antibody cocktails shown in panel C. The number of animals (n), antibody dose, and treatment regimen in each group are shown for each study.
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FIG 7 Efficacy of FVM02p in mouse model of MARV. Mice were infected with
1,000 PFU of MA-MARYV and treated either 2 h after infection (day 0) and on
day 3 or at 2 h and 3 days as indicated in the panels. (A) Percent survival of
challenged mice. (B) Percent weight change (group average of surviving ani-
mals) after infection and treatment with individual animals from the study
shown in panel A.

43). Thus, we sought to determine whether combination of our
pan-ebolavirus antibodies that bind to novel epitopes will lead to
enhanced efficacy compared to individual MAbs. To this end, we
tested two different combinations: (i) FVMO02p and FVMO09,
targeting the fusion loop and glycan cap, respectively; and (ii)
FVMO09 and m8C4, a mouse pan-ebolavirus antibody (see the ac-
companying article by Holtsberg et al. [42]), which binds to a
conformational epitope involving the glycan cap. Both of these
combinations provided 100% protection against lethal challenge
although the antibodies were administered at a lower dose com-
pared to the study with individual antibodies (Fig. 6C). Notably,
mice treated with the MAb cocktails showed no sign of disease or
weight loss but gained weight after infection (Fig. 6D).

Although FVMO02p binding to MARV GPATM was very low
(Fig. 2E), we tested the efficacy of FVMO02p in a mouse model of
Marburg virus infection. In two experiments, we observed 20%
and 30% protection from lethal challenge when mice were treated
with FVMO02p on days 0 and 3 or days 0 and 4, respectively (Fig. 7);
however, the protection was not statistically significant.

DISCUSSION

The current EVD epidemic in West Africa affected far more peo-
ple than all previously recorded outbreaks combined. Beside
EBOV, other filoviruses, such as SUDV, BDBV, and MARYV, have
caused sizeable outbreaks in the past 48 years. The unprecedented
2014-2015 EBOV outbreak highlights the need for broadly effec-
tive treatment options and a cross-protective vaccine, as the na-
ture of the next filovirus outbreak cannot be predicted. Antibodies
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represent promising treatment options for filovirus hemorrhagic
fever (39). However, most published therapeutic MAbs are strictly
specific for EBOV (6, 8-10, 12, 15, 44, 45), and only a few, closely
related, SUDV-specific MAbs have been reported (13, 14, 46).

We used a novel prime-boost immunization strategy in ma-
caques to focus the immune response to conserved epitopes of the
filovirus GP, including the RBR and GP2, expecting a higher per-
centage of pan-filovirus antibodies. Sera from immunized ma-
caques showed broad reactivity that neutralized SUDV-GP and
EBOV-GP, but not MARV-GP, VSV-pseudotyped viruses effi-
ciently. We identified a set of broadly reactive pan-ebolavirus
MADbs with strong binding to EBOV, SUDV, BDBV, and RESTV
GP; two MADs also exhibited weak binding to MARV GP. Thus, it
appears that by using this regimen, the B cell response has been
dominated by ebolavirus-specific epitopes.

The most protective MAb, FVMO04, exhibited balanced binding
at subnanomolar concentrations to four ebolavirus species tested
and effectively neutralized EBOV and SUDV. Interestingly,
FVMO04 also shows weak binding to MARYV, suggesting that fur-
ther engineering of this MAb may lead to an effective pan-filovirus
antibody. In a mouse model of EBOV infection, FVMO04 was fully
protective when used in two doses. Importantly, a single treat-
ment given 3 days postinfection (peak of viremia in mice [36])
resulted in significant protection (P = 0.006). FVMO04 binds to a
conformational epitope within the core of GP1 (residues 31 to
200), a region that encompasses the RBR and the base of GP1 (22).
While previous reports of antibodies targeting the GP1 core indi-
cated that epitopes in this region are likely concealed (16, 19; also
see the accompanying article by Holtsberg et al. [42]), the FVMO04
binding profile was not significantly changed upon removal of the
MLD, suggesting that the epitope of FVM04 is well exposed and
likely on the top of the trimeric GP chalice. Interestingly,
FVMO1p, another MAD that strongly bound the GP1 core, failed
to protect mice, indicating that the specificity of the epitope is
critical for protection.

In this study, we report the first filovirus antibody targeting the
fusion loop (FL) within GP2. This MAb (FVMO02p) binds with
subnanomolar ECsys to EBOV, SUDV, BDBV, and RESTV GP.
The core linear epitope consists of residues 526 to 535 within GP2
at the tip of the FL that is nearly 100% conserved among all ebo-
lavirus species. Crystallography data show that this region makes
several contacts with residues within the RBR in the prefusion
structure of EBOV GP (22). Interestingly, the FVMO02p epitope is
also 75% conserved between ebolavirus species and marburgvirus,
and consistent with this, FVMO02p also bound with reduced affin-
ity to MARV GP. FVMO2p provided significant protection from
lethal MA-EBOV challenge in mice (P = 0.0003) and a low level of
protection, albeit statistically insignificant, in MARV-infected
mice. It is possible that further engineering of the FVM02p com-
plementarity-determining regions (CDRs) may lead to higher
binding affinity to MARV GP, potentially leading to an effective
pan-filovirus MAb. Given the lack of neutralization, the mecha-
nism of action of FVM02p remains to be determined. It is possible
that in vitro neutralization assays in Vero cells may be poorly in-
dicative of in vivo neutralization, which can be also dependent on
Fc-mediated effector functions.

In addition, we are reporting another set of MADbs that primar-
ily target a novel linear epitope within the glycan cap. FVMO09,
FVM13, and FVM20 effectively bound to a core hydrophobic pep-
tide within the glycan cap that is 100% conserved among all ebo-
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lavirus GP molecules. In contrast to FVMO09 binding to GP that
was completely blocked by an excess of GEWAF-containing pep-
tides, this competition was partial against FVM13 and FVM20
(data not shown). Consistently, low levels of FVM 13 and FVM20
binding to GPcl (GP lacking the glycan cap) were detected, sug-
gesting that these two MADbs have additional contact sites within
GP1, while FVMO09 binding is completely dependent on the glycan
cap. While FVMO09 did not neutralize EBOV and SUDV, low level
of neutralization was observed in VSV pseudotype assay (data not
shown). When tested in mice, FVM09 and FVM20 provided par-
tial, but significant (P < 0.0001), protection against EBOV. Thus,
these MAbs represent novel protective epitopes primarily focused
on the glycan cap. It is noteworthy that the only neutralizing MAb
identified in this study (FVMO04) is a conformational antibody,
suggesting the complex nature of epitopes that need to be targeted
for effective neutralization of virus entry.

Our findings are consistent with previous studies of EBOV
MADbs indicating that a cocktail of MAbs targeting key epitopes
provides greater protective efficacy (6-8, 10, 12, 15, 43, 47). We
tested two different cocktails of two MAbs which, when used
alone, were only partially protective. A cocktail of FVM09 and
FVMO2p provided 100% protection at 15 mg/kg of body weight
(P < 0.0001), while each individual MAD at 25 mg/kg was only
partially protective. Similarly, full protection (P < 0.0001) was
observed when the glycan cap binder FVM09 was combined with
a partially protective mouse MAb (m8C4 [see the accompanying
article by Holtsberg et al. {42}]) at 10 mg/kg. Remarkably, mice
treated with these cocktails showed no symptoms or weight loss.
Previously described efficacious, EBOV-specific cocktails targeted
epitopes on the glycan cap and MLD (MB-003 [7, 8]) or on the
glycan cap and base (ZMab [15, 48]) and ZMapp [12]). Our re-
sults demonstrate that novel combinations of epitopes, distinct
from those targeted by ZMapp and MB-003, with a conserved
profile can be targeted for effective protection against filoviruses.
The mechanism of the enhancement resulting from antibody
combinations remains to be defined and may include synergistic
effects of neutralization and effector functions.

In summary, our findings indicate the presence of well-ex-
posed conformational and linear conserved epitopes that can be
targeted for treatment of hemorrhagic fever caused by multiple
ebolavirus species. Furthermore, we report antibody combina-
tions targeting novel epitopes that can be utilized for development
of effective pan-ebolavirus and potentially pan-filovirus MAb
cocktails. Future evaluation of these cocktails in NHPs should
pave the way toward clinical development of broadly protective
filovirus treatments.
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